This article was written to acknowledge the scientific achievement of Dr. Justin A. Zivin, the originator of the rabbit embolic stroke model and investigator responsible for the "translational stroke research" that led to the NINDS rt-PA trial and eventual approval of tissue plasminogen activator (tPA) for the treatment of acute ischemic stroke 20 years ago. In 1984-1985, the term "translational stroke research" did not exist, nor did this journal bearing the name Translational Stroke Research. Nevertheless, over the years, the rabbit embolic stroke model has been integral in the development and testing of novel therapies, and the model remains important for translational stroke therapy development. Translational Stroke Research has become an important means of disseminating advances in basic and translational stroke research and will be integral in future stroke therapy discovery.
tPA, a Cost-Effective Treatment tPA has been described as a cost-effective treatment for stroke [1] when administered 3 to 4.5 h after a stroke. The specific conclusion is derived using a disease-based decision analytic model, which included probabilistic sensitivity analyses, indicating that "improvement in long-term patient outcomes in most patient subgroups (except for diabetes and atrial fibrillation) and is a good economic value versus no treatment" [1] . This has been confirmed in two recent reports using extensive patient databases [2, 3] .
In 1996, the Food and Drug Administration (FDA) approved the thrombolytic tPA for the treatment of acute ischemic stroke resulting from blockage of a vessel due to an embolus or blood clot. tPA, a thrombolytic that promotes clot lysis, is also known as a clot buster that increases blood flow to the formerly clot-affected core and possibly salvageable penumbra [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ; this results in clinical and/or behavioral improvement on the National Institutes of Health Stroke Scale (NIHSS) and modified Rankin Scale (mRS). Almost 20 years have passed without the approval of another stroke treatment despite the tremendous financial investments and achievements of many investigators worldwide!
A Rigorous Model and Bioassay for Therapy Testing and Development
The approval of tPA was based upon a randomized and blinded clinical trial comparing tPA to tPA-placebo; the trial was initiated based upon preclinical data by Zivin and colleagues, which was published 30 years ago in a landmark science paper [14] and eventually detailed in a volume dedicated to the history of tPA [15] as well as other comprehensive books on thrombolytics and translational stroke research [16] [17] [18] [19] . In retrospect, the authors simply showed that tPA could effectively improve behavioral function when tested in a noninvasive rabbit embolic stroke model, now known as the rabbit small clot embolic stroke model (RSCEM) [reviewed in [20, 21] ].
"Facts do not cease to exist because they are ignored." -Aldous Huxley & A model is classically defined as a system used as an example to follow or imitate; thus, the RSCEM, which is an embolism model, imitates aspects or features of human acute ischemic stroke.
The therapeutic effect of tPA is the same in man and rabbits, increased reperfusion with substantial clinical improvement with the known side effect of increased intracerebral hemorrhage (ICH).
This article will briefly detail a few salient aspects of the RSCEM, which make it extremely useful for drug and device efficacy and safety studies. The RSCEM can be used as a primary species model to support an Investigational New Drug (IND)/Investigational Device Exemption (IDE)/New Drug Application (NDA), or it can be used in conjunction with one of many available invasive rodent models [22] to fulfill Stroke Therapy Academic Industry Roundtable (STAIR) criteria [23] ; studies using the rigorous RSCEM can also incorporate RIGOR guidelines [24, 25] .
The Benefits of Therapy Testing in the RSCEM Bioassay
No anesthetic interference:
In the current version of the RSCEM [20] , rabbits are allowed to recover from the effects of inhaled anesthesia (i.e., either halothane or isoflurane) for at least 2 h before embolization. The absence of any form of anesthesia during the embolization procedure is beneficial when studying "neuroprotection," since anesthetics have been shown to be neuroprotective or neurotoxic and can interfere with the ischemic cascade [21, [26] [27] [28] [29] [30] [31] [32] [33] . The possibility of deleterious interactions can confound the interpretation of valuable scientific data due to drug-drug interactions, efficacy masking or potentiation, and anesthetic-induced regulation of multiple components of the ischemic cascade [34, 35] . This may limit the translation of animal model data to the clinic as described by O'Collins et al. [22] . Moreover, in the RSCEM, analgesics are also not administered because of the potential to interfere with the ischemic stroke cascade [21] .
2. Heterogeneous population: In the RSCEM, a solution of non-autologous small-sized blood clots is prepared prior to embolization [7, 21, 36] . Because the response to embolization is heterogeneous, this results in a behaviorally heterogeneous population much like that enrolled in every stroke clinical trial. A sophisticated statistical method was devised by Zivin and Waud [37] to take advantage of the heterogeneous population being studied. The statistical method is also used in two innovative ischemia bioassay models [38, 39] .
& Should a heterogeneous stroke model be used for therapy development? Yes [see [20, 21, 40, 41] ]. Clinical trial enrollment data derived from randomized and blinded clinical trial such as the original NINDS rt-PA clinical trial report [42] shows that the patient population included in the placebo control group had NIHSS scores of 1-32, and the active drug group had a range from 1 to 37 [42] . This clinical trial patient population encompassed a wide range of NIHSS scores, indicative of widespread heterogeneity within each experimental study group. More recent trials that have attempted to limit patient population enrollment to a specific short range have been quite unsuccessful [43] [44] [45] [46] [47] [48] [49] .
3. Clinically relevant end point: The primary end point used when assessing treatment efficacy in the RSCEM is behavioral functional, which is based upon motor function components of the NIHSS [50] . The use of clinical rating scores is a desirable primary end point to use when developing a novel therapeutic [20, 21] ]. Clinical scores in combination with quantal analysis is a sophisticated statistical analysis method to determine how a large population of stroke "patients" such as a group of 15-20 rabbits will respond to a treatment [7, 21, 36] . To evaluate the quantitative relationship between clot burden in brain and clinical scores, logistic sigmoidal quantal analysis curves are constructed as originally described by Waud [51] and thereafter [7, 21, 36] . One important aspect of the model is the use of a wide range of clot doses injected into the brain via an indwelling carotid catheter, which allows the investigator to produce a spectrum of behaviorally normal to abnormal animals, which does include death on the continuum of embolization-induced effects [20, 21] . Unlike most rodent stroke models, where animals are routinely excluded to refine group data, when using the RSCEM, rabbits are seldom excluded from a study. Only under specific circumstances that warrant exclusion such as technical problems during embolization or the need for early euthanasia prior to complete treatment administration are animals excluded from a study. 4. Positive-controlled studies: For drug and device development purposes, it is essential to utilize a model where a current FDA-approved therapy can be used as a positive control to ensure the validity of data. For ischemic stroke, this is limited to tPA worldwide [52] and Radicut (edaravone) in Japan [53] . Studies done without the use of a positive control, preferably a drug used clinically to treat the disease, have limited value during the drug development process. Using the RSCEM, an example of a sigmoidal dose-response curve is presented in Fig. 1 . After behavior is measured in a blinded manner, clot burden is measured in order to construct the quantal curve. In the Figure, tPA used at a standard dose previously described to be effective in rabbits [7] , reduced embolization-induced behavioral deficits, which is represented by a statistically significant increase in P 50 value (p<0.05; unpaired t test, Graph Pad Inc.). For complete details of the bioassay method, please refer to references [20, 21] .
5. Safety and combination drug testing: The RSCEM also has the enormous advantage of being a model where drugs and devices can be studied in combination with tPA as a positive control. The therapy can be administered coincidently with tPA or following tPA administration to simulate current clinical trial design. The combination studies will allow the investigator to determine if the drug/device of choice inhibits or potentiates tPA efficacy or affects the safety profile of tPA, since tPA can cause ICH in patients and embolized rabbits [54] [55] [56] [57] [58] [59] [60] [61] [62] . The consequence of the new therapy on ICH incidence and mortality can be measured [63, 64] . The safety measure data is valuable during the combination therapy development process. 6. Cost-effective: The RSCEM model is highly costeffective for therapy development. If one incorporates the recommended tPA positive control into the study design, then the investigator will have determined if the novel therapy is equivalent to tPA's efficacy and therapeutic window (1 h in rabbits, equivalent to approximately 3 h in humans) [20, 21] . Thus, the data can easily be interpreted and advanced to a clinical trial for a small investment in RSCEM translational research studies compared to the actual enormous cost of a clinical trial. The recent report by Levine and Hill documents that the NEST-2 laser trial had a cost of approximately $50 million, and the subsequent NEST-3 trial was ended due to futility after allocating more than $60 million to the trial [65] . It should be noted that the cited estimates are on the low end of actual costs to conduct a clinical trial for a small molecule or biologic through to completion. 7. STAIR criteria and RIGOR guidelines: In the recent issues of Translational Stroke Research, investigators have published basic research showing that there are many "new" targets, methods, and molecules that can be mined to treat stroke. STAIR criteria recommend testing the therapies in multiple species to ensure efficacy of the treatment in different models and in different laboratories. Moreover, this will improve translation into the clinic in stroke patients. The reader is referred to original articles for details regarding STAIR criteria [23] and RIGOR guidelines [24, 25, 66] . Preclinical testing in vitro and in rodents has provided the impetus for further development of neuroprotectants [67] to attenuate stroke-induced "behavioral deficits," using remote preconditioning [68] [69] [70] or even provide a basis for regeneration of critical pathways involved in clinical deficits [71] . There are many models available for therapy testing Fig. 1 Effect of tPA on behavioral outcome using the RSCEM. For the superimposed graphs, behaviorally normal animals are plotted on the y-axis at 0, and abnormal animals are plotted at 100. The figure shows that there is positive correlation between the raw data and the statistically fit sigmoidal quantal curves. Quantal analysis curves are provided for both the tPA vehicletreated group and the tPA (3.3 mg/kg; 20 % bolus, 80 % infused intravenous)-treated group. tPA significantly improves behavior, which is reflected by an increased P 50 (p < 0.05) compared to tPA vehicle including models that have been refined to allow for shortand long-term behavioral measures [72] [73] [74] [75] .
Conclusion
The RSCEM is a useful and cost-effective translational animal model that can be utilized for drug and device development for both monotherapy and combination therapy. 
